Introduction
Recent efforts to develop organic light-emitting diodes OLEDs with high electroluminescence efficiency have focused on phosphorescent metal complexes because OLEDs using phosphorescence materials such as iridium complexes achieved almost exciton~1 00%. However, the pronounced roll-off characteristics of electroluminescence efficiency ( EL ) were observed with an increase of current density due to the occurrence of the triplet-triplet (T-T) annihilation and novel EL mechanism has been required.
One of the potential mechanisms to achieve compatibility of harvesting both singlet and triplet excitons and to avoid of triplet annihilation is use of thermally activated delayed fluorescence (TADF) [1] [2] [3] . In TADF materials, heat accelerates reverse intersystem-crossing (ISC) from a triplet excited state (T 1 ) to a singlet excited state (S 1 ), leading to an increase of the fluorescence intensity. Therefore, when TADF materials are used in OLEDs, heating the device would accelerate the reverse ISC and thus makes it possible to fabricate OLEDs with a high EL efficiency even under high current driving.
Experimental
We searched for highly efficient TADF materials and found tin (IV) fluoride-octaethylporphine (SnF 2 -OEP) ( Fig.  1) showing rather intense TADF. We fabricated polymer dispersed films which contain SnF 2 -OEP as a dopant in the emitting layer, 2wt%-SnF 2 -OEP: poly(vinylcarbazole) (PVCz). For electrical excitation, an OLED was prepared, which was composed of indium tin oxide (ITO) (100 nm)/poly(3,4-ethylenedioxythiophene)-poly (styrenesulfonate) (PEDOT-PSS) (40 nm)/2wt%-SnF 2 -octaethylporphine (SnF 2 OEP): poly(vinylcarbazole) (PVCz) (100 nm)/MgAg(100 nm)/Ag(10 nm) with SnF 2 OEP as an emitter.
Result
Under optical excitation, the intense emissions around t=0 s correspond to the prompt component and the long tailing part corresponds to the delayed components, TADF and phosphorescence (Fig. 2) . Intense fluorescence and TADF were observed at 570nm while the weak room temperature phosphorescence was also observed at 703nm. Although a weak TADF component was observed at low temperatures, below T=200 K, an intense TADF emission was observed at T=400 K. On the other hand, phosphorescence was only observed at lower temperatures and no phosphorescence was observed at the elevated temperature of T=400 K.
The quantum efficiencies of each process in SnF 2 -OEP (Fig.  3) were carefully estimated using an integrated sphere photoluminescence measurement system. A prompt fluorescence n d e d A b s t r a c t s o f t h e 2 0 0 9 I n t e r n a t i o n a l C o n f e r e n c e o n S o l i d S t a t e D e v i c e s a n d M a t e r i a l s , S e n d a i , 2 0 0 9 , p p 1 1 8 4 -1 1 8 5 F -9 -2 efficiency ( F ) of 0.6% was observed between T=5 K and 300 K and then decreased slightly over T=300 K, and resulted in F =0.4% at T=400 K. In a similar manner, the phosphorescence quantum efficiency ( PHOS ) displayed a gradual decrease over T=300 K. On the other hand, the quantum efficiency of delayed fluorescence ( TADF ) increased steeply from 0.6% at T=300 K to 2.4% at T=400 K. Thus, the overall photoluminescence quantum efficiency was significantly enhanced over T=300 K.
TADF was also confirmed in the ITO/PEDOT/2 wt%-SnF 2 -OEP:PVCz/MgAg/Ag device under electrical excitation. The device required a slightly higher driving voltage, due to insufficient optimization of device parameters such as film thickness and carrier injection barriers, which resulted in a rather high onset of current injection around 10 V, requiring 29 V at J=100 mA/cm 2 . Figure 4 shows the temperature dependence of the transient EL spectra with streak images at T=300, 350 and 400 K under short pulse excitation. This was clearly the first demonstration of both prompt and delayed EL components. At T=400 K, the ratio of the TADF component to the prompt component significantly increased, resulting in a TADF intensity approximately 5 times higher than that at T=300 K.
Finally, the rate constant of reverse ISC (k RISC ) in SnF 2 -OEP is discussed. Figure 5 summarizes the temperature dependence of the rate constants of k ISC (intersystem crossing from S 1 to T 1 ), k R (radiative decay rate from S 1 ), k RISC (reverse ISC from T 1 to S 1 ), k P (phosphorescence decay rate) and E ST (activation energy) of k RISC . It was found that k ISC , k R and k P are independent of temperature, while k RISC exhibited strong temperature dependence. Although k RISC has a very low value of 5×10 1 at T=300 K, the phosphorescence decay rate of k P =0.14 is significantly lower than k RISC , which resulted in an appreciable TADF, even at T=300 K. At T=400 K, k RISC was further enhanced up to 5.5×10 2 , resulting in intense TADF. However, the k RISC value is still too small to induce efficient up-conversion. Since k RISC should be proportional to exp(-E ST /k B T), the Arrhenius plot of k RISC versus 1/T was examined, as shown in the inset of Fig. 5 . The activation energy was estimated to be E ST =0.24 eV, which corresponds to the difference in the energy levels between T 1 and S 1 . Thus, in order to increase k RISC , it is requisite to obtain a smaller energy gap.
Conclusions
In summary, we demonstrated TADF using SnF 2 -OEP. The TADF intensities significantly increased with temperature, due to acceleration of the reverse ISC from triplet to singlet excited states by heat activation. Under application of short electrical pulse excitation, prompt and delayed EL components were clearly observed. The delayed component was composed of both TADF and phosphorescence, and the TADF component significantly increased with an increase of temperature. We believe TADF will provide a novel pathway for efficient EL through the design of appropriate molecules that fulfill the discussed requirements. 
